Introduction
============

Insertion-type electrodes are always the first choice for battery electrodes because alkali metal ions can repeatedly intercalate into the layers of electrode materials without destroying their crystal lattices which will occur in transition-type and alloy-type electrodes.[@cit1]--[@cit4] The excellent performance of insertion-type electrodes can be interpreted as being due to intercalation pseudocapacitance, in which the capacity is independent of rate in an appropriate current range.[@cit5] Therefore, insertion-type electrodes usually have excellent cycle life and good rate capability. However, limited kinds of materials can be used for anodes for insertion-type sodium ion batteries (SIBs). Materials with excellent rate performance in lithium ion batteries (LIBs) cannot maintain their performance when used for SIBs due to the larger ionic radius of sodium.

Na~2~Ti~3~O~7~ (NTO) is a promising insertion-type anode material because the TiO~6~ octahedron layer can reversibly accommodate sodium ions during cycling, with a theoretical capacity of 178 mA h g^--1^.[@cit6] Besides, NTO has an efficient low charge--discharge plateau of 0.3 V and is the first ever reported oxide to reversibly react with sodium at such a low voltage.[@cit7] However, the low electrical conductivity makes it difficult to reach its theoretical capacity and the specific capacity of NTO is quite low compared with those of hard carbons or even some organic anodes.[@cit8]--[@cit10] In addition, the fast capacity fading during long-time cycling has greatly limited its practical application for SIBs.[@cit11] Based on the above concerns, there is an urgent need to find a way to enhance the intrinsic electrical conductivity of NTO.

It is reported that creating defects in the crystal lattice can enhance the conductivity as well as the capacity of metal oxide electrodes.[@cit12]--[@cit15] As an important kind of dopant in LIB electrodes, lanthanide ions can significantly enhance both the capacity and rate performance of the electrodes.[@cit16]--[@cit18] Even a trace amount of lanthanide introduction would lead to a great enhancement of specific capacity as well as rate performance of LIBs. This inspired us to transplant such a doping strategy from LIBs to SIBs. To date, lanthanide doped electrodes for SIBs, especially insertion-type anode materials, have never been reported. In order to systematically study the doping effect, we used microsized NTO to eliminate the contribution of surface redox reactions. La, Ce, Nd, Sm, Gd, Er and Yb as representatives of light, middle and heavy lanthanides were chosen as dopants and introduced into NTO (labeled NTO:Ln).

Compared with pristine NTO, the doped samples show superior electrochemical performance. Especially, NTO:Yb not only delivers a high reversible capacity of 89.4 mA h g^--1^ at 30C, but also maintains 71.6 mA h g^--1^ at 5C after 1600 cycles, nearly twice that of pristine NTO. Therefore, NTO:Yb is selected as a representative to illustrate the effects of doping a lanthanide on the structure and the electrochemical performance of NTO. It is found for the first time that the electrochemical enhancement in doped samples could be attributed to the introduction of lanthanides, which induces lattice distortion and oxygen defects, resulting in improved electrical conductivity and charge storage kinetics ([Fig. 1](#fig1){ref-type="fig"}).

![Schematic illustration of the lanthanide doped Na~2~Ti~3~O~7~ anode for SIBs.](c7sc05185a-f1){#fig1}

Results and discussion
======================

The electrochemical performance is evaluated between 0.01 and 2.5 V. It can be observed that both NTO and NTO:Yb have low voltage plateaus at 0.3 V ([Fig. 2a and b](#fig2){ref-type="fig"}), which are consistent with the CV measurements (Fig. S1, ESI[†](#fn1){ref-type="fn"}). The voltage plateaus of both NTO and NTO:Yb gradually disappear in the following charge/discharge process which may be attributed to the reconstructed crystal structure during the sodium intercalation or the electrode polarization.[@cit19],[@cit20] However, after 1000 cycles, there is still a small voltage plateau of NTO:Yb while the plateau of NTO almost disappeared, suggesting that doping Yb^3+^ could stabilize the electrode structure during the charge/discharge process, thereby leading to a better rate performance of NTO:Yb, which will be further discussed later.

![The 2^nd^, 10^th^, and 1000^th^ charge/discharge curves of (a) NTO and (b) NTO:Yb. (c) The rate and (d) cycle performance of NTO and NTO:Yb in a half cell. (e) *b*-values for NTO and NTO:Yb as a function of potential for anodic sweeps (Na^+^ insertion). (f) Capacity *versus v*^--1/2^ allows for the separation of diffusion-controlled capacity from capacitive-controlled capacity. (g) The comparison of tap densities of nano-NTO and micro-NTO:Yb.](c7sc05185a-f2){#fig2}

The initial discharge capacity of NTO is 214.1 mA h g^--1^ at the current rate of 1C and then decreases to a mere 44.9 mA h g^--1^ at the highest current rate of 30C. In the meantime, NTO:Yb delivers a much better rate performance with the delivered capacity being 89.4 mA h g^--1^ at 30C, almost twice as much as the capacity of NTO ([Fig. 2c](#fig2){ref-type="fig"}). Additionally, when the current rate returns back to 1C after a high rate cycling at 30C, the capacity of NTO:Yb increases to 153.1 mA h g^--1^ with 60.02% retention of the initial capacity, while the capacity of NTO recovered to only 96.4 mA h g^--1^ with a capacity retention of 45.03%. After 1500 cycles at 5C, the discharge capacity of NTO is 43.9 mA h g^--1^ with a capacity retention of 34.58%, but for NTO:Yb, the discharge capacity remains at 71.6 mA h g^--1^ with a capacity retention of 46.02% ([Fig. 2d](#fig2){ref-type="fig"}). The capacities of both NTO and NTO:Yb decline rapidly after several cycles at 5C, and the irreversible capacity loss could be attributed to the increasing polarization caused by the electrolyte decomposition or side reaction and the formation of a solid electrolyte interface (SEI) layer.[@cit11],[@cit20]

To further analyze the kinetics of NTO and NTO:Yb at different rates, we calculate the *b*-values of the materials through the analysis of CV plots (Fig. S2, ESI[†](#fn1){ref-type="fn"}). In a CV scan, the current *i* is a function of the scan rate *v* through the following relationship:[@cit21]where *a* and *b* are both adjustable parameters. When the *b*-value approaches 0.5, the electrode shows diffusion controlled kinetics dominated by the faradaic current, while when the *b*-value approaches 1, the electrode shows surface controlled kinetics dominated by the capacitive current.[@cit22] The *b*-values of NTO:Yb are remarkably higher than those of NTO at each voltage ([Fig. 2e](#fig2){ref-type="fig"}). This explains the better rate performance of NTO:Yb. The *b*-values for both samples show a decrease around 0.3 V, corresponding to the position of the main redox peaks. The relationship between the capacity and the square root of the scan rate illustrates the rate-limiting step of the charge storage mechanism ([Fig. 2f](#fig2){ref-type="fig"}).[@cit23] For the NTO electrode, in region 1, where the scan rate is below 5 mV s^--1^, the capacity is mostly independent of the scan rate. In region 2, from 5 to 100 mV s^--1^, the capacity decreases linearly with *v*^--1/2^, indicating that the diffusion reaction takes control of the charge storage process at a high scan rate. That is, when the scan rate is larger than 5 mV s^--1^, diffusion is rate limiting and the pristine NTO electrode stops behaving like a pseudocapacitor and starts behaving like a traditional battery. However, for the NTO:Yb electrode, it can behave in a fully capacitive manner at the scan rate of 10 mV s^--1^ or lower,[@cit24] which means a better rate performance of NTO:Yb at relatively low rates. Electrochemical impedance spectra (EIS) measurements are also performed in the frequency range from 100 to 0.01 kHz (Fig. S3, ESI[†](#fn1){ref-type="fn"}). The charge transfer resistance of NTO decreases after doping Yb^3+^. Moreover, NTO shows diffusion controlled kinetics while NTO:Yb more likely shows a pseudo-capacitive behavior, which is consistent with the *b*-value analysis. It should be noted that the tap density of micro-sized NTO:Yb is about 0.91 g cm^--3^ while that of nano-sized NTO is 0.55 g cm^--3^ ([Fig. 2g](#fig2){ref-type="fig"}), indicating that the volumetric capacity of NTO:Yb (139 mA h cm^--3^ at 1C) is much higher than those of widely reported nanosized NTO powders and approaches closer to its theoretical volumetric capacity (307 mA h cm^--3^). Besides, the higher volumetric capacity of microsized NTO:Yb is also beneficial to its potential commercialization.

The microstructures of NTO and NTO:Yb are further elucidated by HRTEM and Rietveld XRD refinement (Fig. S4, ESI[†](#fn1){ref-type="fn"}). It is clearly demonstrated that the obtained lattice parameters of *a*, *b* and *c* decrease after Yb^3+^ doping, and the tiny shrink of the lattice distance may attribute to the stronger bonding energy of the Yb--O bond. It is believed that the crystal lattice distortion owing to the introduction of lanthanide ions will give rise to the generation of oxygen vacancies.[@cit25] The reaction for oxygen vacancy formation using Kroger--Vink notation can be expressed as:

As oxygen vacancies can act as shallow donors and thereby increase the carrier density as well as the electrical conductivity,[@cit26] the improved electrochemical performance can be attributed to the formation of oxygen vacancies, and comprehensive studies are carried out to illustrate the existence and effects of oxygen vacancies.

Furthermore, X-ray photoelectron spectroscopy (XPS) shows additional peaks corresponding to Ti 2p doublets of Ti^3+^ at 457.7 and 463.6 eV in NTO:Yb, suggesting that there is a small quantity of Ti ion reduced from Ti^4+^ to Ti^3+^ to maintain the charge compensation ([Fig. 3a and b](#fig3){ref-type="fig"}).[@cit27] These results indicate that doping Yb^3+^ into the structure of NTO causes the generation of oxygen vacancies, leading to partial reduction of the Ti element as well as the increasing number of unlocalized electrons, which will improve the electrical conductivity and show better electrochemical performance of NTO:Yb.

![The Ti 2p XPS spectra of (a) NTO and (b) NTO:Yb. (c) EIS at room temperature of the pellets made from NTO and NTO:Yb for the bulk conductivity measurement. (d) The Mott--Schottky plots of NTO and NTO:Yb at the frequency of 500 Hz. The calculated band structure in the irreducible Brillouin zone of (e) NTO and (f) NTO:Yb.](c7sc05185a-f3){#fig3}

Thermogravimetric analysis (TGA) is employed to provide a greater insight into the oxygen vacancies in both NTO and NTO:Yb.[@cit28] The larger mass discrepancies of NTO:Yb between air and N~2~ suggest a larger oxygen vacancy concentration (Fig. S5, ESI[†](#fn1){ref-type="fn"}), which is consistent with the results of XPS analysis. The electrical conductivity is investigated by EIS and a four-probe test. The bulk conductivity of NTO is calculated to be 1.188 × 10^--7^ S cm^--1^, which is lower than the value of NTO:Yb at 1.888 × 10^--7^ S cm^--1^ ([Fig. 3c](#fig3){ref-type="fig"}). Besides, the conductivities obtained by the four probe method (Table S1, ESI[†](#fn1){ref-type="fn"}) agree with the results of EIS, indicating a better electron transport in the bulk of Yb^3+^ doped materials, corresponding to the better rate performance of NTO:Yb.

In addition, Mott--Schottky (M--S) analysis is also employed to calculate donor densities. It can be obviously observed that NTO:Yb delivers a larger donor density than NTO owing to the lower slope in the M--S plots ([Fig. 3d](#fig3){ref-type="fig"}), and the values of donor densities are calculated to be 3.5292 × 10^26^ and 11.1549 × 10^26^ cm^--3^ for NTO and NTO:Yb, respectively. The improvement of electron conductivity and donor densities after doping Yb^3+^ can be ascribed to the increasing oxygen vacancies.

First principles calculations are carried out to obtain further insight into the electronic conductivity change of NTO:Yb. The Yb^3+^ doped Na~2~Ti~3~O~7~ system is modeled by substituting one of the 18 Ti ions with a Yb ion (Fig. S6, ESI[†](#fn1){ref-type="fn"}). The band structure and density of states (DOS) of NTO and NTO:Yb which can initially describe the intrinsic characterization of electronic conductivity are presented in [Fig. 3e and f](#fig3){ref-type="fig"} and S7 (ESI[†](#fn1){ref-type="fn"}).[@cit26] It can be seen that NTO shows a direct bandgap of 3.07 eV while the bandgap of NTO:Yb decreased to 0.58 eV, which indicates that the polaron migration energy barrier along the constrained pathway is decreased,[@cit25] thus attributing to a larger electronic conductivity of NTO:Yb.

Finally, we have an overview of structure and electrochemical performance of all NTO:Ln samples. The major diffraction peaks of XRD patterns of all samples match well with the standard XRD trace of Na~2~Ti~3~O~7~ (JCPDS no. 31-1329) ([Fig. 4a](#fig4){ref-type="fig"}). The existence of Ti^3+^ as well as other Ln^3+^ ions is confirmed by XPS (Fig. S8 and S9, ESI[†](#fn1){ref-type="fn"}). Besides, all samples are micro-sized materials (Fig. S10, ESI[†](#fn1){ref-type="fn"}). The rate and long-term cycling performances ([Fig. 4b](#fig4){ref-type="fig"}, S11 and S12, ESI[†](#fn1){ref-type="fn"}) show that all the Ln^3+^ doped samples exhibited better electrochemical performance than NTO. Among all these electrodes, NTO:Yb presented the best performance, followed by NTO:Er, NTO:Gd, NTO:La, NTO:Ce, NTO:Sm and NTO:Nd successively. Importantly, it\'s clear that the capacity as well as the conductivity and donor density of each sample are in a sort order ([Fig. 4c](#fig4){ref-type="fig"}, S13 and Table S2, ESI[†](#fn1){ref-type="fn"}), which is well consistent with the concentrations of oxygen vacancies of each sample (Fig. S14, ESI[†](#fn1){ref-type="fn"}).

![(a) The powder XRD patterns of NTO and NTO:Ln (Ln = La, Ce, Nd, Sm, Gd, Er, and Yb). (b) The cyclic performance of NTO and NTO:Ln at the current rate of 5C with the number of cycles ranging from 1000 to 1500. (c) The overview of capacities, electron conductivities and donor densities of NTO and NTO:Ln.](c7sc05185a-f4){#fig4}

Conclusions
===========

In summary, we have synthesized for the first time a series of lanthanide doped NTO electrode materials through a high-temperature solid-state method. All the lanthanide doped NTO samples exhibited superior electrochemical performance to pristine NTO. For the first time, we have achieved high performance for NTO anodes without nanosizing and carbon-coating. The introduction of lanthanide into the structure of NTO leads to a slight lattice distortion, thus giving rise to the generation of oxygen vacancies, which significantly improves the electronic conductivity and donor density of NTO and promotes faster charge storage kinetics, thereby ensuring a superior rate performance and long-time cycle performance. We believe that the incorporation of lanthanides into insertion-type electrode materials could provide a new avenue for constructing anode materials with excellent electrochemical performance for large-scale energy storage.
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